does not seem to be due to augmented apoptosis. The degenerative process appears to be based on a glomerBackground. A main function attributed to B cell leukaemia/lymphoma 2 gene (bcl-2) is its ability to ular overload with increased mechanical stress to the filtration barrier, leading via glomerular hypertrophy, confer resistance against apoptosis. In bcl-2 deficient mice, extensive apoptosis occurs during abnormal podocyte damage and formation of tuft adhesions to glomerulosclerosis. nephrogenesis, and renal failure is found very quickly after birth. However, the underlying mechanisms
isms independent from the genetic defect.
Materials and methods. Kidneys from 7-56-day-old
The B cell leukaemia/lymphoma 2 gene (bcl-2) is a bcl-2 knockout mice and wild-type litter mates were proto-oncogen and plays an important role in the studied. Glomerular number, glomerular tuft volume, regulation of programmed cell death, because the cell counts in 'non-sclerotic' glomeruli as well as the product of the bcl-2 gene, a 25 kDa protein, inhibits glomerular damage score were determined by histoapoptosis by modulating the apoptotic sensitivity of morphometrical studies. Apoptosis was evaluated by cells [1] [2] [3] [4] [5] [6] . Further possible effects of the Bcl-2 protein, morphological criteria and the terminal deoxynucleoe.g. promotion of differentiation, are discussed [7] . tidyl transferase-mediated dUTP nick end-labelling Renal expression of Bcl-2 is found during nephrogen-(TUNEL)-technique.
esis [8, 9] as well as in tubules and glomeruli of the Results. The number of nephrons at birth was severely adult kidney [10, 11] . decreased in bcl-2 knockout mice compared to controls Bcl-2 deficient mice demonstrate a characteristic (<20%; P<0.001). These nephrons undergo dramatic phenotype and die of renal failure very early after hypertrophy with an approximately 4-fold increase in birth [12, 13] , most probably due to an impaired volume (P<0.001). In hypertrophic, but 'non-sclerotic ' regulation of apoptosis which results in deficient glomeruli, the number density of glomerular cells pronephrogenesis [14] , in cystogenesis [15] and in abnorgressively declined with time (P<0.001). Starting with mal postpartum renal development [12, 13] . In bcl-2 day 20, enlarged glomeruli developed sclerosis beginknockout mice, severe oligonephronia is found based ning with a segmental distribution, but quickly proon the lack of Bcl-2 during nephrogenesis [14, 16 ] . gressing to global sclerosis. Apoptosis was neither
The apoptotic process in glomerular pathology is detected in non-sclerotic glomeruli nor in stages prior apparently of ambivalent importance [17] . Apoptosis to fully established sclerosis. As shown by the glomeris the major clearance mechanism for glomerular ular damage score, post-natal degeneration of kidneys hypercellularity, as shown in experimental models (i.e. from bcl-2 knockout animals proceeded rapidly.
model of anti-thymocyte serum induced glomerulopaConclusions. Bcl-2 knockout mice exhibit deficient thy) [18] and in human glomerulonephritis [19] . At nephrogenesis resulting in severe oligonephronia at the other end of the spectrum, abnormalities of the birth. Post-partum development of glomerulosclerosis apoptotic program are assumed to promote the progression of renal diseases mediating the loss of intrinsic erulosclerosis [17, 20] .
© 1998 European Renal Association-European Dialysis and Transplant Association N. Gassler et al. 2510 were determined. For the terminal deoxynucleotidyl transIn the present study we investigated whether the ferase-mediated dUTP nick end-labelling (TUNEL)-method, development of renal failure in bcl-2 knockout mice is the left kidney was postfixed by immersion overnight at 4°C based on increased apoptosis of glomerular cells or on in a solution containing 4% PFA and 18% sucrose in 0.1 M mechanisms independent from the genetic defect. PBS at pH 7.4, then snap-frozen in melting isopentane Therefore, renal tissue from bcl-2 knockout mice and cooled by liquid nitrogen and stored at −70°C until use. control littermates were analysed by morphometrical The right kidney was prepared for structural and morphoand immunocytochemical means. metrical studies. It was divided in four blocks and additionally fixed overnight at 4°C with 2% glutaraldehyde in 0.1 M PBS. After postfixation in 1% OsO 4 in 0.1 M PBS for 1 h,
Subjects and methods
these kidneys were dehydrated and embedded in Epon 812. From the tissue blocks three sections independent from each other were used for morphometrical analysis. For
Animal breeding
lightmicroscopic evaluation semithin sections (1 mm) were stained with toluidine blue and observed in a Polyvar 2 Bcl-2 knockout animals were produced by interbreeding of (Reichert-Jung, Vienna, Austria). Ultrathin sections (70 nm) bcl-2 +/− animals and were genotyped by polymerase chain were stained with uranyl acetate and lead citrate and reaction (PCR) and by Southern blot analysis as previously examined in a Philips EM 301 transmission electron described [13] . Animals were maintained on a commercial microscope (TEM ) (Philips Electronics, Eindhoven, The stock diet and tap water ad libitum.
Netherlands).
Processing of kidneys for morphometrical studies and immunocytochemistry Morphometry and glomerular damage score
Two sets of lightmicrographs were prepared from the The kidneys of 7-, 8-, 12-, 13-, 20-, 21-, 28-, 31-, 42-, and 56-day-old male bcl-2 knockout mice (in total 10 knockout independent sections of the right kidneys of all animals.
(i) Systematically, nine photographs of cortical tissue (measanimals) and littermates were fixed by total-body perfusion. After anaesthesia both the abdominal and the thoracic uring 69 259 mm2 each) per section (total reference area= 1.87 mm2 per animal ) were made and printed at a final cavity were opened and the kidneys were perfused with 2% paraformaldehyde (PFA) in phosphate-buffered saline magnification of 380×. (ii) For the second set, photographs of glomeruli were prepared with a final magnification of (PBS ) via the left ventricle at a pressure of 220 mmHg for 3 min. The kidneys were dissected out and their weights 1370×. In bcl-2 knockout mice, all glomeruli (n=13±7) Fig. 1 . Renal tissue from a 7-day-old bcl-2 knockout mouse. The renal cortex is quite thin without a subdivision into several nephron layers. Apparently fully developed glomeruli (G) as well as small arteries (arrows) and veins (arrowheads) are seen in the outermost renal cortex. At the transition of renal cortex to medulla accumulations of mesenchymal cells are located (asterisks). Several tubules appear hypertrophied ( T ). Light microscopy (LM ), ×~180. available in the independent sections (see above) were used; Average tuft area (A 9 ) was used to calculate an average tuft volume for each animal: in control mice, 15 glomeruli randomly selected were taken.
Glomerular counts
where b=1.38 (shape coefficient for sperical particles) and =1.1 (size distribution coefficient) [22, 23] . For estimation Glomerular number was estimated in the low power light-of numerical density of the different cell types, the number micrographs (380×). All glomerular profiles located entirely of nuclear intersections of all glomerular cell types combined within a cortex area and profiles which were crossed from (total ), of podocytes (P) as well as of mesangial cells either the left or the lower area border were counted [21] . and endothelial cells together (M+E ) was determined and The tuft area was determined as the minimal convex polygon expressed per unit tuft area [N A (Nucl )]. that encloses all glomerular structures including podocytes using a semi-automatic image analysis system ( VIDS IV, Glomerular damage score AiTectron, Dü sseldorf, Germany). The number (N A ) and area (A A ) of glomeruli were related to the total reference A glomerular damage score for each animal was obtained area. The numerical density of glomeruli per cortex volume in the high power light micrographs (1370×). For better was calculated by the following formula [22] : identification of structural changes and a precise scoring,
glomeruli which presented pathological changes were examined in supplementary ultrathin sections by TEM. Each where =1.1 is a distribution coefficient for particles and glomerular profile was graded and assigned to one of three b=1.38 is the dimensionless shape coefficient for spheres.
groups with respect to the degree of damage. Profiles without pathological changes were assigned to group 1;
Glomerular tuft volume and cell counts in non-sclerotic group 2 (moderate changes) was comprised of glomerular profiles with an increase of mesangial matrix, thickening of glomeruli the glomerular basement membrane (GBM ), podocytes with pseudocysts, foot process effacement, binucleated The tuft area (minimal convex polygon) was determined by planimetry in the high power lightmicrographs (1370×). podocytes, glomerular cells with absorption droplets, The tuft appears quite normal with minor matrix deposition at several sites in the mesangium (arrows). Adjacent to the vascular pole, an apposition of the tuft to the parietal epithelium of Bowman's capsule is seen (rectangle see at higher magnification in (c)). The accompanying drawing illustrates the essential features. In the drawing, the GBM and the mesangium are shown in black, capillary lumina are densely hatched, the parietal epithelium is densely stippled; for clarity, podocytes are not drawn. (b) The filtration barrier consisting of the endothelium ( E ), the GBM, and the podocytes (P) with interdigitating foot processes (F ) is normally structured. (c) Apposition at a higher magnification. A well organized podocyte cell body (P) is apposed to the flat parietal epithelium (PE ). C, capillary; US, urinary space. Transmission electron microscopy (TEM ), (a) ×~720; (b) ×~8050; (c) ×~11 050; bcl-2 knockout mouse, 12 days. parietal epithelial cells with absorption droplets and/ or from each left kidney were placed in equilibration buffer overnight and then in terminal deoxynucleotidyl transferase pseudocysts; group 3 (advanced changes) consisted of sclerotic glomerular profiles. solution for 90 min at 37°C, followed by stop/wash buffer. Controls for specifity of labelling included positive control slides prepared by nicking DNA with DNase I (Boehringer
Apoptotic figures
Mannheim, Germany) [6,27] and negative control sections prepared by substituting distilled water for terminal deoxyApoptosis was evaluated using two different approaches: by nucleotidyl transferase. morphological criteria and by TUNEL-technique. In right kidneys of all animals, morphological criteria of apoptosis [24, 25] , i.e. margination of chromatin, karyorhexis, budding Statistical analysis phenomenon were analysed (see above). In left kidneys of all animals, the TUNEL-technique was performed using a The correlation of measured glomerular parameters with age (glomerular tuft volume, number density of glomerular well balanced molecular biological-histochemical system for specific staining of DNA fragmentation [26 ] . Terminal cells) were tested by Pearson's correlation test. The glomerular number in bcl-2 knockout mice was compared to deoxynucleotidyl transferase (Boehringer, Germany) was used to incorporate fluorescein-conjugated dUTP controls with the Student's t-test. All statistical analyses were performed with the SPSS analysis program (Chicago, (Amersham, Germany) to 3∞-OH ends of DNA fragments in a template-independent addition. Briefly, 5 mm cryosections IL, USA). (Figures 1 and 2) . In contrast to kidneys Morphology of control mice containing several well-defined nephron In agreement with previous studies [13] [14] [15] , kidneys anlagen at birth, kidneys from bcl-2 deficient mice of bcl-2 knockout mice very quickly, after birth, displayed few structures which might represent remdeveloped structural damage progressing to glomerulo-nants of nephron anlagen. sclerosis and cystic renal degeneration. After birth Glomerular lesions became obvious starting with (days 7 and 8), kidneys from knockouts were smaller day 12 (Figure 3) , apparently progressing to severe than those of the wild type and contained a dramatic-glomerular damage within the following days. The ally reduced number of nephrons (see below). The injured glomeruli exhibited mesangial lesions, comprising local mesangiolysis and increased matrix renal cortex was thin and quite abnormally developed, deposition. Podocytes showed prominent injuries includ-Morphometrical analysis ing foot process effacement, cell body attenuation, pseudocyst formation, and accumulation of lysosomal Total kidney weights from knockouts were conelements. Occasionally, binucleated podocytes were siderably lower than those from controls throughfound.
out the investigated life time (38.0±24.7 mg vs Glomerulosclerosis was seen starting with day 20 170.0±97.9 mg; mean±SD; P<0.05). The growth (Figures 4 and 5) . It consisted of segmental or even rate of kidneys from knockouts and controls was almost global collapse of the glomerular tuft broadly almost the same during the period of examination (1.9 adherent to Bowman's capsule with disappearance of vs 1.6). Before the development of glomerulosclerosis a urinary space at these sites. At day 56, almost all (prior to day 20), the number of glomeruli per unit glomeruli were sclerotic ( Figure 6 ). 'Non-sclerotic' volume cortex [N V (Glom)/mm3] was significantly lower glomeruli, few in number, were dramatically in kidneys from knockouts than those from controls:
72±16 glomeruli per mm3 vs 391±85 (mean±SD; hypertrophied. Figure 4 ). The tuft remnant contains few perfused capillaries (arrows) and is composed of cells embedded into a hyaline extracellular matrix. Thus, glomerular filtration appears to be significantly reduced. At the interface between the tuft and the interstitium a variety of cells are present which cannot be clearly identified (arrowheads). TEM, ×~720; bcl-2 knockout mouse, 56 days. The values were determined in non-sclerotic glomeruli. Compared to controls, a significant hypertrophy of glomerular profiles beginning with day 12 as well as a decrease in the numerical density of glomerular cells are found in knockout mice. Pearson's correlation test: ** P<0.001; * P<0.01; n.s. indicates 'non significant'. bcl-2−/−, bcl-2 knockout mice; bcl-2+/+, controls; P, podocytes; M+E, mesangial and endothelial cells.
P<0.001).
Thus, a unit cortex volume from bcl-2 Bowman's capsule (indicating parietal epithelial cells; Figure 8 ). knockouts contained only approximately 20% of the glomeruli usually found in control littermates. Since kidneys from knockout mice were also smaller and Discussion their cortex thinner, it is evident that the difference in the absolute number of glomeruli between both groups was even stronger (Figure 2 ).
In accordance with previous studies [14, 15] , the kidneys of bcl-2 knockout mice contained a significantly After day 8, the volume of 'non-sclerotic' glomeruli from knockout animals was significantly higher reduced number of nephrons already prior to any glomerular degeneration (<20% compared to controls; (approximately 4-fold ) than that of glomeruli from controls (see Table 1a ). In addition, hypertrophy and P<0.001). Thus, the lack of Bcl-2 in mice leads to a deficient nephrogenesis resulting in extreme oligodilatation of corresponding tubules were observed.
In 'non-sclerotic' glomeruli the number density of nephronia which is already established at birth. In bcl-2 knockout mice, postpartum development of new glomerular cells, explicitly also those of podocytes, progressively declined with time. As shown by the nephrons was absent, but the nephrons present started to develop lesions quite early, i.e. after day 8. glomerular damage score, the degeneration of the kidneys proceeded rapidly ( Table 1b) .
Significant glomerular hypertrophy was accompanied by a decrease in the numerical density of glomerular cells and glomerular injury, leading to glomeruloApoptosis sclerosis. Evidence for apoptosis of glomerular cells by morphological features and the TUNEL-technique was exclusively seen in already severely damaged or globally Apoptosis has been assessed by two different methods; sclerotic glomeruli. by considering morphological criteria (using all right
The strong reduction in the glomerular/nephron kidneys) and by the TUNEL-method (using all left number per kidney appears to be of pivotal importance kidneys). Generally, the number of apoptotic cells was for the development of glomerulosclerosis and renal higher in kidneys from knockout mice as compared to failure in bcl-2 knockout mice. As known from previous those of controls. In knockouts, apoptosis was present studies [28, 29] , a reduced number of nephrons necessitthroughout the tubular epithelium and the interstitium.
ates higher single glomerular filtration rates. This goal is In glomeruli, apoptotic bodies were first seen at day generally achieved by enhanced filtration pressure, 20 and only in severely damaged glomeruli (Figure 7) . exposing the glomerular filter to increased mechanical Beginning at this time, apoptotic cells were found in stress. Moreover, the resulting glomerular hypertrophy, any location within an injured glomerulus, i.e. in tuft accompanied by a decrease of the numerical density of periphery (possibly indicating apoptosis of podocytes), glomerular cells, especially of podocytes, promotes the in more central locations (possibly indicating mesanvulnerability of glomeruli. As an immediate congial cells, endothelial cells, leukocytes) as well as in sequence, glomeruli deteriorate structurally, displaying the characteristic lesions of such a situation: mesangial expansion, capillary ballooning, associated with severe podocyte injury. During hypertrophy (binucleated podocytes as an extreme form of cell hypertrophy were observed) podocytes undergo the well known sequence of injuries leading to sclerosis [30] : foot process effacement, cell body attenuation together with pseudocyst formation, finally detachment from the GBM. 'Naked' capillaries become attached to Bowman's capsule leading to the formation of tuft adhesions which are considered as the 'committed' damage progressing to glomerular degeneration [31] [32] [33] [34] . In bcl-2 knockout mice, this process appears to proceed quite vigorously, starting simultaneously at several capillaries. Therefore, the result is not a single synechia (which typically indicates the development of segmental sclerosis) [33] . The various damage foci become confluent very quickly, leading rapidly to global glomerular degeneration and loss of renal function. Apoptotic glomerular cells were not encountered The tuft is adherent to Bowman's capsule along most of its circumfer-during early stages of glomerular injury in bcl-2 ence. Morphological evidence for apoptosis is found. Several pyk-knockout mice. Apoptotic cells were exclusively seen notic nuclei contain condensed chromatin (arrows) and a typical in already sclerosed glomeruli. We conclude that half-moon-like curved profile is seen (arrowhead ). Final glomerular apoptosis of glomerular cells due to the lack of Bcl-2 degradation is promoted by apoptosis of intrinsic glomerular cells. LM, ×~900.
protein is not a causative factor initiating post-partum glomerular degeneration in this model. Apoptosis is to be based on a usual sequence of events (overload theory): increased mechanical stress to the filtration an epiphenomenon of final glomerular destruction as recently shown for the development of glomerulo-barrier, glomerular hypertrophy, podocyte damage, formation of tuft adhesions and sclerosis. Thus, the sclerosis in different renal diseases [20] .
Characteristic features of human oligomega-development of glomerulosclerosis in bcl-2 knockout mice resembles the situation in oligomeganephronia, nephronia are very similar to the sequence of events in the development of glomerulosclerosis in bcl-2 and is therefore a useful animal model for further studying the mechanisms underlying the human knockout mice. Oligomeganephronia, which is the most common form of human renal hypoplasia, is a disease. rare heterogeneous disease characterized by bilateral Acknowledgements. The authors are grateful to B. Hähnel, H. Hosser small kidneys with a markedly decreased total number and A. Zeller for their technical assistance, R. Nonnenmacher of nephrons. A primary deficiency of the metanephric and I. Ertel for excellent artwork and photographs as well as blastema is considered as the basic pathogenetic PD Dr P. Mundel (Heidelberg) for critical discussion. N.G. is mechanism [35] . The nephrons present undergo severe a fellow of the 'Graduiertenkolleg Experimentelle Nieren-und Kreislaufforschung' (German Research Community). glomerular hypertrophy followed by glomerulosclerosis [36, 37] . In 1973, Morita and colleagues [38] found a striking decrease in number of glomerular References epithelial cells during the progress of hypertrophy. The view at the time was that any decrease in podocyte
